The PSYCHE method for pure shift NMR is exploited to generate 2D J spectra with full decoupling in one dimension and multiplet structure in the other, allowing spin-spin coupling constants to be measured even in very crowded spectra. Significant improvements over existing techniques are demonstrated for the hormones estradiol and androstenedione.
1
H NMR spectroscopy. A major limitation on resolution in 1 H NMR spectra is the presence of homonuclear scalar coupling between protons, which splits signals into multiplets. Because of the narrow range of proton chemical shifts, multiplet overlap is very common and can severely complicate the analysis and assignment of spectra. In particular, spectral overlap often prevents the measurement of the spin-spin coupling constants that provide essential information on molecular structure and conformation. In the last decade, ''pure shift'' NMR, in which the multiplet structure of signals due to homonuclear coupling is collapsed to singlets, greatly improving resolution, has become a practical tool. Here an experimental method is described that combines the high chemical shift resolution of pure shift NMR with the measurement of multiplet structure.
Pure shift NMR experiments generally (though not universally) use a pulse sequence element that selectively refocuses the effects of evolution under couplings. 1 The elegant method of Zangger and Sterk (ZS), 2 which uses a spatially-and frequency-selective 1801 pulse, and Pines's much older BIRD 3 (bilinear rotation decoupling) method, which exploits one-bond couplings with sparse heteronuclei to refocus all but geminal couplings, are currently the two J-refocusing elements most commonly used in pure shift NMR. for PSYCHE in terms of sensitivity, but these are not broadband, only decoupling part of a spectrum. Pure shift NMR can greatly facilitate the assignment of crowded spectra. However, it accomplishes this by hiding 14 or eliminating 12 homonuclear multiplet structure, sacrificing potentially valuable information on structure and bonding. Multiplet structure is often simply a nuisance in crowded 1D spectra, as it cannot be disentangled and reduces, rather than increases, the structural information available. Where multiplet structure can be recovered reliably, however, the coupling constants it makes available can be very useful. The ideal case would be an experiment that produces a pure shift spectrum, with a singlet for each chemical site, but makes high resolution multiplet structure available in a second dimension. In principle, one such experiment is 2D J (J-resolved) spectroscopy, 15 which shows the normal coupled spectrum in F 2 but coupling structure only in F 1 . Unfortunately the phase-twist lineshape in such experiments severely complicates matters, to the extent that it is normal to sacrifice much of the potential resolution advantage of the technique by using severe time-domain weighting functions and absolute value mode display. Because the projection of a phase-twist lineshape at 451 in frequency space is zero, pure shift spectra generated by conventional 2D J spectroscopy likewise require absolute value mode calculation and hence have degraded resolution and severely distorted intensities.
There have been a number of attempts to produce pure shift NMR spectra and extract absorption mode multiplet structure from 2D J spectra, variously using combined data manipulation and pattern recognition, 16 modified pulse sequences, 8, 16, 17 and purely data post-processing approaches. 18 So far these have not reached practical application, and questions as to their sensitivity, reliability, and suitability for complex spin systems have remained either unanswered or without satisfactory responses. There is thus a clear need for a practical 2D J method that can give clean reliable spectra, with good sensitivity. The great strength of such methods is that they approach the ideal limit of resolution of a 1 H NMR spectrum, since multiplet structure in F 2 is suppressed and linewidths in F 1 are very close to the limiting natural linewidths, B 0 inhomogenity contributions being refocused.
The most successful method to date is that of Pell and Keeler. 8 They showed that the required pure absorption mode 2D J spectrum can be obtained by using the ZS J-refocusing pulse element to reverse the sense of t 1 evolution in a 2D J pulse sequence. Combining normal and reversed datasets, by analogy with echo/antiecho processing in 2D correlation experiments, allows the dispersive components of the phase-twist lineshape to be cancelled and absorption mode peaks to be obtained. Unfortunately, the use of the ZS element entails a very significant sensitivity loss. This is particularly severe in second-order spin systems, which require the use of very narrow bandwidth, highly selective pulses in the ZS element. 11 Such systems also give rise to unwanted responses in F 1 that complicate analysis. A number of methods for selective measurement of couplings in 2D J experiments have been reported, using either band-selective pulses or the ZS method, but these approaches are not broadband and/or suffer from significant sensitivity penalties. 19 Very recently, Cotte and Jeannerat have reported a significant increase in the sensitivity of a ZS experiment, by using a selective pulse for simultaneous multi-slice irradiation, using non-equidistant phase modulation (nemoZS) to reduce the chances of accidental recoupling. 20 However, this recovered sensitivity comes at the cost of increased spectral artefacts and experimental complexity. Fortunately, the Pell-Keeler method can be used equally well with other J-refocusing sequence elements. We show here that an implementation combining the PSYCHE J-refocusing element with two extra swept-frequency chirp pulses (Fig. 1) , to attenuate strong coupling responses, 21 gives a major improvement in performance. The use of this triple spin echo (TSE-PSYCHE) 2D J sequence results in virtually artefact-free 2D J spectra with excellent sensitivity, absorption mode lineshapes, and no need for any special or non-linear post-processing. The new method can be used both for producing ultra-clean 1D pure shift spectra, by projecting the 2D spectrum at 451 in frequency space, and for extracting high resolution multiplet structure with minimal overlap. If all that is required is a 1D pure shift spectrum, applying the triple spin echo approach of Fig. 1 to the original interferogram 1D PSYCHE experiment, to give a 1D TSE-PSYCHE experiment (Fig. S2 , ESI †), gives a significant improvement in spectral purity and artefact suppression (Fig. S3-S5 , ESI †). The triple spin echo approach is very tolerant of B 1 field inhomogeneity and pulse miscalibration, giving good results for RF power errors of up to 3 dB as evidenced by the 1D TSE-PSYCHE spectra of androst-4-ene-3,17-dione (Fig. S6, ESI †) . The PSYCHE pulse sequence element achieves J refocusing by using a pair of low flip angle (b) pulses, analogous to those in the anti z-COSY 22 experiment, that divide the available spins into two populations and manipulate these differentially. The PSYCHE element has already been used successfully in interferogram-based 1D and 2D pure shift experiments.
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For the PSYCHE pulse element, which consists of two chirp pulses, the active spins (those giving rise to the desired signal) are a proportion sin 2 b and the passive spins (the remainder, including those coupled to the active spins) cos 2 b of the total.
Thus, the sensitivity of PSYCHE experiment is determined by the sin 2 b term, and is normally about 5-10% of that of a conventional 1D proton measurement, while the corresponding figure for the ZS method is normally about 1%. The combination of frequency-swept (chirp) pulses and field gradients uses temporal and spatial averaging to suppress unwanted coherence transfer between spins through COSY 22b and zero quantum 23 pathways.
This approach also significantly attenuates strong coupling and spectral purity is therefore simple to adjust in PSYCHE-based sequences, a low value of b increasing purity at the expense of sensitivity and a high value the reverse. Using chirp pulses that sweep frequency in opposite directions simultaneously (saltire pulses) changes these factors to 2sin 4 (b/2) and 4sin 2 (b/2)cos 2 (b/2) respectively, improving spectral purity (or sensitivity) by a further factor of four. The relationship between RF amplitude and flip angle of saltire chirp pulse is approximately linear, making calibration simple (Fig. S1, ESI †) .
The PSYCHE-2D J pulse sequence of Fig. 1 is based on the classical hard pulse sequence 901 À t 1 /2 -1801 À t 1 /2 normally used for 2D J spectroscopy, but differs in two important respects. First, it follows Pell and Keeler in using a matched pair of pulse sequences in one of which (Fig. 1b) the PSYCHE sequence element comes after the evolution period t 1 , reversing the accumulated J evolution to give a reversed (R) dataset, and in the other (Fig. 1a) the PSYCHE element precedes t 1 and gives a normal (N) dataset. PSYCHE has no effect on net J evolution in the sequence of Fig. 1a , being included solely to ensure that the same signal amplitudes result from both variants of the sequence. The N and R datasets can then be combined to cancel dispersive contributions and give pure 2D absorption mode lineshapes. The second difference from the usual sequence is that the hard pulse at the midpoint of t 1 is replaced by a 1801 chirp pulse under a field gradient, and a complementary chirp pulse is used at the end (a) or the beginning (b) of the sequence to refocus the chemical shift evolution (the order of the adjacent PSYCHE and 1801 chirp elements in Fig. 1a and b is immaterial) . Replacing the hard 1801 pulse with the two spatially-resolved chirp pulses attenuates strong coupling artefacts just as in the sequence 1C described by Thrippleton, Edden and Keeler. 21 Fig . 2 illustrates the application of the PSYCHE-2D J technique to 17b-estradiol, which has a crowded spectrum with a significant degree of strong coupling (Fig. 2a) . In this spectrum, there are 7 signals in about a 200 Hz spectral width; most of them have 4 coupling partners, with J couplings ranging from 2 Hz to 13 Hz and an average multiplet width of 45 Hz (Fig. S9, ESI †) . Fig. 2b shows the phase-sensitive 2D J spectrum, which has pure absorption mode lineshapes. The spectrum is of significantly improved quality with respect to sensitivity and level of artefacts compared to competing methods (Fig. S7, S11 , and S12, ESI †). As the spectrum is almost devoid of artefacts, the application of symmetrisation, which can easily lead to misinterpretation of spectra, is unnecessary as it does not provide any significant further improvement. Projecting the 2D spectrum onto F 2 , as shown in Fig. 1b and 2b , gives access to a pure shift spectrum. (Since it is only the R type data obtained with sequence 1(b) that contribute to the pure shift signals in this projection, 24 a pure shift spectrum with O2 better signal-to-noise ratio can be obtained by À451 projection of the simple 2D FT of these data.)
The multiplet structure at each chemical shift is easily extracted from the complete 2D spectrum in the form of F 1 traces, as shown in Fig. 2c . The chemical shift assignments and J values obtained from the 2D PSYCHE-2D J spectrum of 17b-estradiol (Fig. S9 , ESI †) are largely in agreement with the literature, 25 but reveal a few minor errors (confirmed by other measurements) in the published coupling constant values. Fig. 3 illustrates a second application of the PSYCHE-2D J technique, to the steroid hormone androst-4-ene-3,17-dione. This again shows that it is straightforward to extract high resolution multiplets from the absorption mode 2D J spectrum even where the 1D spectrum is too crowded for direct analysis. The improvement in spectral purity compared with the nemoZS method is illustrated in Fig. S3 and S12 of the ESI. † As comparison between Fig. 3 here and Fig. 4 of ref. 20 makes clear, PSYCHE-2D J also offers simpler data processing and analysis than nemoZS. 2D J spectroscopy was one of the first 2D NMR methods 15 to be developed, but despite its potential in multiplet analysis has not found widespread use due to the limitations imposed by the phase-twist lineshape. Past attempts to circumvent these have suffered from artefacts and/or large sensitivity penalties. Here we present a clean, high sensitivity experiment that gives spectra with the desired double absorption mode lineshape, needs no special data processing, and is tolerant of pulse miscalibration. It opens up the possibility of using 2D J spectra for robust assignment and analysis of complex spectra, with resolution limited only by chemical shift difference and not by overlap between multiplets, a long-sought goal. Such spectra should greatly simplify both manual and automated spectral analysis, with applications throughout chemistry, biochemistry and structural biology.
